The details of a method of preparing anodic aluminum oxide membranesare presented. The porous oxide layer consists of close-packed cells of oxide, hexagonal in shape, each of which contains a single pore formed perpendicularly to the surface of the aluminumsubstrate. This special structural feature is essentially important for ultra filtration and gas separation. The rejection characteristics are examined, using aqueous and nonaqueous solutions of macromolecules. The permeability of gases is also examined at different temperatures. The flow of gases is explained by the Knudsenregime alone.
Introduction
Membranetechnology is nowreceiving a great deal of attention in membrane-based industries. 19) Membranes can be applied in micro filtration, ultra filtration, dialysis, electrodialysis, reverse osmosis and gas separation, depending on the size of the pore and the nature of the material. Regarding the material of the membrane, organic polymer films have been extensively investigated. However, little attention has been paid to the development of inorganic materials as membranes. Asemi-permeablemembrane of cupric ferrocyanide was historically used for the direct determination of osmotic pressure.9) Hydrous oxide membranes formed dynamically on porous bodies have been examined.28) One of the most interesting examples of inorganic membranes seems to be a porous glass knownunder the brand-name of Vycor. Studies on this material have been reported for reverse osmosis1'4j6) and gas separation.12'13>27) One of the remarkable properties of the glass membraneis its stability at high temperatures. The application of this type of membranehas recently been the object of great interest in the field of gas separation, because of its importance in coal gas industries where COand H2 are primarily used. Porous silica and alumina membranes prepared by compaction of the powders have also been examined for-gas separation.10)
Against this background, we have investigated porous anodic aluminum oxide films for both ultra filtration and gas separation. It is well known that porous anodic films can be formed on aluminumby Received March 9, 1984 . Correspondence concerning this article should be addressed to S.Saito. 514 anodizing in acid electrolytes such as sulfuric acid, oxalic acid, and phosphoric acid.8) The structure of the porous anodic oxide film has been proposed by Keller et al.17 ) and other groups.20'22) As shown in Fig. 1 , the anodic oxide film on aluminum consists of two regions, the so-called porous layer and the barrier layer. The porous layer consists of closepacked cells of oxide, predominantly hexagonal in shape, each of which contains a single pore formed perpendicularly to the macroscopic surface of the aluminumsubstrate. The barrier layer is a thin compact inner region lying adjacent to the metal. The pore diameters have been reported as ca. 10nm, 20nm
and 30nm for films prepared in sulfuric acid, oxalic acid and phosphoric acid, respectively.8) This indicates that the pore diameter is primarily dependent on the electrolyte used.
Such films have previously come under investigation by Smith for dialysis membranes.29) The osmotic flow of water and the counter flow of salt have been measured in the absence of external pressure.
Porous anodic aluminummembraneshave the advantage of high thermal stability and special structural features for ultra filtration and gas separation, but, to our knowledge, have not previously been described.
In this paper, the details ofa preparation method of preparing the membranesand the permeabilities of gases and solutes are discussed. polishing, the plates were washed with water, dipped in a chromic acid solution (CrO3; 45g/1, H3PO4; 3.5% in volume) for a few minutes at 90°C to de-smudge, washed with water and dried. Figure 2 shows the cell used for anodizing. Only one face of the substrate was anodized. Sulfuric acid (20wt%) and oxalic acid (4wt%) were mainly used as the electrolytes in order to obtain a fairly thick film. Because the formed oxide layer is etched slowly by sulfuric acids, the diameter of the pore will be widened by chemical dissolution. 2'8) For this reason, the temperatures of the sulfuric acid and oxalic acid solutions were kept at 0°C and 15°C, respectively, by an ice-cold water bath. During anodization, the electrolyte (side A) and the distilled water (side B) were effectively stirred with magnetic stirring bars for the maintenance of a constant temperature. Aplatinum wire was used as a cathode. The cell voltage was controlled by a DC power supplier. 20 and 60V were mainly used for the anodizations in sulfuric acid and in oxalic acid, respectively. The film thickness can be fairly accurately predicted by a theoretically determined formation rate of the barrier layer, calculated at a current density 10mA/cm2, of 0.3 /mi/min.8'18) It was found in all cases that the thickness obtained was almost the same as the predicted value. This suggests that pore widening might be minimized under the conditions described above.
After ca. 50/mi films had been yielded on the aluminum substrate, they were throughly rinsed with distilled water. The back side (side B) of the aluminumsubstrate, attached with an o-ring smaller than that on the front side, was etched by a 20wt% HC1, 0.1 MCuCl2 solution at room temperature until the aluminum metal was just removed. Although water and hydrogen permeabilities had been preliminarily examined for a membranewith the barrier layer, no detectable flux wasobserved even whena rather high pressure of 107Pa was applied. This indicates that VOL. 17 NO. 5 1984 even a fairly small molecule such as hydrogen cannot permeate the thin barrier layer and that the layer must be removedfor the preparation of membranes.
To remove the barrier layer, side B of the cell was filled with a 20% H2SO4solution for membranes prepared in sulfuric acid (abbreviated S-membrane).
Because the thickness of the barrier layer (ca. 60nm) of membranes formed in oxalic acid (abbreviated Omembranes) at 60 V was much thicker than that of the S-membranes (ca. 20nm), the etchant used was a 4% phosphoric acid solution instead of the sulfuric acid. About 40 to 50 minutes were required for removal of the barrier layers of both the membranes. Side A was filled with a 1M acetate buffer solution with a hydrostatic pressure of 30 cm-aqua in order to protect the porous layer. After the etching of the barrier layers, the membranes with peripheral aluminum were washed with water and dried in a vacuum.
It was necessary to remove the peripheral aluminumfor a high-temperature experiment because of the thermal stress formed at the interface between the aluminum and the oxide layer. For this purpose, a bromine-methanol or a mercuric chloride solution was used.22)
Apparatus for gas permeation and ultra filtration
A schematic diagram of the gas permeability measurement apparatus is shown in Fig. 3 . The membrane(effective area; 3. 14cm2) was mounted in a diffusion cell in which the peripheral aluminum was used for sealing. The gas was fed into the highpressure side of the cell after it had been evacuated by a rotary pump (<0.1Pa) for 2hs. The flux of the permeated gas was measured by a soap-film flowmeter. Pressure differences of less than 105Pa were measured by a mercury manometer. The temperature of the cell was controlled by air, liquid nitrogen and methanol-dry ice baths.
The ultra filtration equipment used was a Toyo Roshi-UHP-25 for aqueous solutions and an all- 2) pressure regulator; 3) mercury manometer; 4, 8) temperature baths; 5, 9) coils for preheating and cooling; 6) diffusion cell; 7) membrane; 10) vacuum pump; 1 1) vent valves; 12) soap-film flow-meter.
Pyrex cell with a stirring bar for organic solutions. The solutions were rigorously stirred in order to minimize concentration polarization.7) The tempera- 67,000) and -y-globulins (Mw: 150,000) were also examined. The concentration of the solutions was adjusted to 1.0g/1 in all cases. The concentrations of various solutes were determined by a total organic carbon analyzer (Toshiba-Beckman-915) and gel permeation chromatography (Toyo Soda-HLC-802). Figure 4 shows an example of the membranes prepared by the procedure described in the experimental section. The size of the membrane can be easily controlled by changing the size of the o-rings used. Films prepared in oxalic acids are yellow, while those prepared in sulfuric acids are almost completely transparent, as shown in Fig. 4 . The structure of the membranes was directly observed by a scanning electron microscope (SEM) (Hitachi-8010) with a 3nm resolution. About 3nm of Pt-Pd (20 wt%) was sputtered on the samples. perpendicularly to the macroscopic surface. Note that almost the same diameters were observed at the end of the pore, i.e. the side opposite to the barrier layer, suggesting the formation of pores with uniform diameters. It can also be seen in Fig. 5 that the distances between pores are ca. 50nmand 140nmfor the Smembraneand the O-membrane, respectively. After etching of the barrier layer, it could easily be seen in SEM that all the pores went straight through the membrane.
Results and Discussion

Membranecharacterization
It is noteworthy that a small-angle X-ray scattering technique has been applied in this study for the determination of the structure of the porous layer.14)
The observation indicated clearly that the dimensions of the hexagonally close-packed pores were almost the same and the pores were formed vertically to the JOURNAL OF CHEMICAL ENGINEERING OF JAPAN surface of the aluminum substrate as observed in SEM. Jv=nrt'(P1 -P2)'N/iril (1) Where Pl9 P2, N, rj and / are the pressures upstream and downstream, the areal density of the pore, the viscosity of the solvent and the membrane thickness, respectively. The fluxes of the various solvents were linearly increased by an increase in the pressure difference (P1 -P2)- Figure 6 shows the relationship of the fluxes of the pure solvents to the inversion of their viscosities (l / rj ) for an S-membranewith a film thickness of 65/mi. A straight line with an intercept of zero has been obtained, indicating that the flow of the solvents is basically expressed by the Hagen-Poiseuille equation as expected above. From the slope of the solid line in Fig. 6 , the diameter of the pore is estimated as ca. 13 nm following the values of 1=65fim and N=4.6 x 1010/cm2. The areal density of the pore is calculated by an assumption that the distance between pores is 50 nmfor the S-membranes. Anidentical experiment was carried out using an Omembrane, yielding a value of ca. 20nm for the diameter. The above results point to an important feature of the anodic oxide membrane,namely that very few parameters are required for its characterization. This particular situation would be extremely important for the precise adaptation of the filter to the required permeation properties. The Nuclepore membraneis known to be a filter with rather precisely defined diameters and with pores which go straight through the membrane.lj31) The nuclear track technique applied for the Nucleporemembrane offers a variation in diameter of the pores in the range ofa few hundred angstroms to a few hundred micrometers, controlled by the time of development.25'31) In the case of the anodic oxide membranes, it is also possible to control precisely the diameter of the pore by the etching procedure. When the membranes prepared here were immersed in sulfuric acid for a certain period of time, the fluxes of the solvents were increased, indicating that the walls of the pore were etched gradually. This circumstance is essentially the same for the Nuclepore membrane. Consequently, the anodic oxide membrane will be found to have a number of applications similar to those already found for the Nuclepore membrane.19) VOL 17 NO. 5 1984 a) The surface pore density. The flux of the solvents themselves is fairly constant over several days except for water. In the case of the permeation of water, the flux generally decreases at a constant pressure. A typical result was that the flux of triply distilled water became half of the initial value after 5hrs. However, it was found that this kind of behavior is strongly dependent on the concentration of proton (i.e. pH) of the water used. With water of pH = 3.3 adjusted by sulfuric acid, the decrease in flux was greatly suppressed. About 80%of the initial flux was observed after 24hrs. These results maysuggest that the initially formed aluminum oxide is changed to a hydrate form (boemite) under a condition. It is well knownthat the pores are fairly easily sealed in boiling water or steam, resulting in a drastic reduction of porosity. 3'8'33) Although the actual mechanism for the decrease in the flux of water is still unclear in this study, it will be important for industrial applications of the anodic oxide films.
Applications of the usual polymeric membranes have been limited in aqueous solutions because of their poor resistance to organic solvents. There have been efforts to synthesize membranes having the solvent resistance such as a polyimide membrane.15) As stated above, the anodic oxide membraneshowed a very stable permeation of organic solvents. This suggests potential utility for the ultra filtration of synthetic polymer solutions.
Rejection of Polyethylene glycols, proteins and polystyrenes
Because of the decrease in the flux of water, measurement of the rejection of polyethylene glycols (PEG) was performed using freshly prepared membranes. Water permeability for each membrane was first measured and then the solution was filtered. The volume fluxes of various experiments were the same as those of pure solvents. No specific decrease in the fluxes has been observed, indicating that PEG and PS as well as the proteins used do not adsorb on the anodic oxide membranes whereas it is well known that polymers and proteins adsorb strongly on polymeric ultra filtration membranes.5'34) Figure 7 shows the rejection for the S-membranes as a function of molecular weight. The observed rejection (Rob) is defined as:
#ob=l "^ (2) where Cf and Cp are the concentrations of the bulk feed and product streams, respectively. The rejection was measured at a pressure difference (P1-P2= 1.0 x 105Pa). For a theoretical treatment derived by Kedem and Katchalsky, 16'30) it is necessary to measure the dependence of the rejection on the volume flux21'23) and to correct the observed rejection due to the concentration polarization.19'24) However, the rejection characteristic shown in Fig. 7 clearly indicates that the molecular weight cut-off of the Smembrane was about 10,000 for both solutions. The molecular weight cut-off of the S-membrane seems reasonable in view of the "pore theory" in which the sizes of the solutes and of the pore are primarily important.21'32'340 Note that the rejection characteristics shown in Fig. 7 seem to give a fairly sharp cut-off behavior. This might be due to the pore structures of uniform size and shape in the anodic oxide membranes.
Gas permeability
It has been usually considered that three flow mechanisms must be involved for permeability of gaseous molecules through a membrane with porous structures, i.e., Knudsen flow, viscous flow and surface diffusional flow (Fs). The total mole flux (Ft) may be expressed by the sum of the three terms,11}
Ft=4nrl ' (P1 -P2) 'N' y/2/nMRT/3l +7irt (Pi-P2 2) N/l6rjglRT+Fs (3) where M and rjg are the molecular weight and the viscosity of the gas, respectively. There have been extensive studies on the permeability of gases through porous Vycor glass, demonstrating the significance of the surface flows.ll -13'26'27) Figure 8 shows typical examples of the pressure 518 PEG, Mw: 2000 , 4000, 7500, 18,000, 39,000 and 150,000. Proteins, Mw: 1355 , 64,000, 67,000, 150,000. PS, Mw: 946, 2800 42,800. dependence of the fluxes of various gases at a constant temperature. Upstream pressures could be increased up to 2 x 105Pa. The observed fluxes were perfectly linear with the upstream pressure as shownin Fig. 8 , indicating that the permeabilities were constant at a given temperature. No pressure effect has been observed in any case as long as the pressure difference was less than 105 Pa. This result strongly suggests that the flow of gases through anodic oxide membranes can be explained by Knudsen diffusion and surface diffusion only. Because the pore diameter is obviously less than the mean free path in this condition, viscous flow should be negligible.
To clarify the contribution of the surface flow,12'26'27) the temperature dependence of the fluxes was examined. Table 2 lists the permeability data of JOURNAL OF CHEMICAL ENGINEERING OF JAPAN obtained at different temperatures. The permeability (Q) is defined as the flux at a pressure difference and at unit thickness of the membrane.12) Figure 9 shows the relation of Q^/MTvs. temperature. This figure indicates the permeability data for only He and CO2
for the sake of clarity. Finally, it must be pointed out that both S-membrane and Omembranecan be used at temperatures over 500°C. Membranes without the peripheral aluminum were prepared and then baked at 500°C for 2 hrs. After this thermal treatment, the permeability of the gases was remeasured. The values were almost exactly the same as those of the untreated membranes. This result suggests that anodic oxide membranes are useful for gas separations at high temperature.
Conclusion
The purpose of this study was to describe the preparation method and the basic nature of anodic aluminum oxide membranes. The flow of solvents through the membranes without a barrier layer was perfectly explained by the Hagen-Poiseuille equation. The membranes showeda strong resistance to organic solvents. The molecular weight cut-off was determined for membranesprepared in sulfuric acid, yielding values ofca. 10,000. The permeability of the gases was examined at different temperatures. The flow was explained by the Knudsen regime. No surface flow was observed. It is suggested that the membranesare useful for gas separations at high temperature.
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